Clinical and epidemiological data suggest that asthma and allergic diseases are associated and may share a common genetic etiology. We analyzed genome-wide SNP data for asthma and allergic diseases in 33,593 cases and 76,768 controls of European ancestry from UK Biobank. Two publicly available independent genome-wide association studies were used for replication. We have found a strong genome-wide genetic correlation between asthma and allergic diseases (r g = 0.75, P = 6.84 × 10 −62 ). Cross-trait analysis identified 38 genome-wide significant loci, including 7 novel shared loci. Computational analysis showed that shared genetic loci are enriched in immune/inflammatory systems and tissues with epithelium cells. Our work identifies common genetic architectures shared between asthma and allergy and will help to advance understanding of the molecular mechanisms underlying co-morbid asthma and allergic diseases.
A sthma is a chronic respiratory syndrome that is characterized by abnormal and inflamed mucosa of the airways, wheezing and shortness of breath. Allergic diseases are immune responses for allergies, such as allergic rhinitis and atopic dermatitis (eczema). Asthma is a heterogeneous disease that can be either allergic or non-allergic 1 . Allergic asthma (including the immunoglobulin E (IgE)-mediated sub-type), allergic rhinitis and eczema can be viewed as an immune response to a foreign antigen and often associates with IgE-mediated inflammation 2, 3 . Genetic studies offer a structured means of understanding the causes of asthma and allergic diseases, as well as identifying targets that can be used to treat the syndrome [4] [5] [6] [7] [8] .
Clinical and epidemiological studies suggest that asthma and allergy are associated 9, 10 . Several studies have identified allergic diseases, such as allergic rhinitis and eczema, with the prevalence of them in asthmatic patients being up to 90% (refs 9, 11 ). These studies demonstrate that the coexistence of asthma and allergy is frequent, and that allergy usually precedes asthma. Our previous epigenetic study has identified methylation loci linked to asthma and allergy via the IgE pathway 12 .
One hypothesis to account for the similarity in symptoms for these conditions is that they share a common genetic etiology. Nearly half of the loci in genome-wide association studies (GWASs) of an individual immune-related disease influence risk to at least two diseases, indicating the shared genetic architecture of immunemediated inflammatory and autoimmune diseases 13 . As each of the shared or similar risk factors has strong genetic influences on disease risk, the observed clustering of multiple risk factors could be due to an overlap in the causal genes and pathways [14] [15] [16] [17] [18] [19] [20] [21] . In addition, grouping variants by the traits they influence should provide insight into the specific biological processes underlying co-morbidity and disease risk. Clinical and epidemiological studies have found that asthma and allergic diseases can occur either in the same individual or in closely related family members [22] [23] [24] [25] , suggesting a potential pleiotropic effect. Heritability has been estimated at varying between 35% and 95% for asthma 22, 26 and 33% and 91% for allergic rhinitis, 71% and 84% for atopic dermatitis (eczema) and 34% and 84% for serum IgE levels, which suggests that the genetic contribution for each may be significant 22 . While a previous study investigated the shared genetic etiology for 38 allergic diseases including asthma 27 , our understanding has been limited to only 16 genomewide shared susceptibility loci that were based on a self-reported phenotype. Moreover, a recent larger study has identified a shared genetic origin among three allergic diseases using a mixed population of self-reported and doctor-diagnosed phenotypes; however, a standard fixed-effect meta-analysis model was applied without considering artificial inflation due to heterogeneous effects among different sub-studies and phenotype definitions 28 .
To increase our knowledge of shared genetic determinants influencing doctor-diagnosed allergic diseases and asthma, and to potentially discover novel loci, we investigated the genetic commonality among asthma and allergic diseases (hay fever/allergic rhinitis or eczema). We conducted a large-scale GWAS analysis based on these traits to explore genetic correlations and shared genetic components among these diseases using data from UK Biobank, which is the largest and most complete European Biobank available at present. Replication was performed in two independent publicly available GWAS studies, the GABRIEL asthma GWAS study 5 
and the Early
Genetics and Lifecourse Epidemiology (EAGLE) eczema consortium study 29 .
Results
Genetic correlation among immune-related traits. There was a strong positive genetic correlation between asthma and allergic diseases (r g = 0.75, P = 6.84 × 10 −62 ). When extending our genetic correlation analysis to rheumatoid arthritis 30 , Crohn's disease and ulcerative colitis 31 , we did not find a significant genetic correlation between asthma and these other immune traits and confirmed the high genetic correlation between Crohn's disease and ulcerative colitis (r g = 0.57, P = 7.98 × 10 −23 ) ( Table 1 ). In a functional partitioned genetic correlation analysis, we observed significant genetic correlation in 11 of 12 functional categories with the only exception being repressed regions ( Fig. 1 and Supplementary Table 1 ). This empirical evidence of a shared genetic etiology for asthma and allergic diseases encourages the investigation of a common pathophysiology, particularly in specific functional categories. Estimates of SNP-based heritability on the observed scale using GWAS summary statistics were 7.2% (s.e. 0.7%) for asthma and 7.5% (s.e. 0.7%) for allergic diseases (Supplementary Table 2 ). [32] [33] [34] . The intercept (s.e.) from linkage disequilibrium score regression (LDSC) for asthma and allergy was 1.0279 (0.0074) and 1.0242 (0.0054), respectively. We identified 32 genome-wide significant (P < 5 × 10 −8 ) independent loci for asthma and 33 for allergic diseases (see Methods, Supplementary Tables 3 and 4 
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and Supplementary Figs. 3 and 4).
For asthma, we confirmed most of the previously reported association loci, including IL1R1, IL1RL1, IL18R1, IL13, SLC25A46, HLA regions, SMAD3, GSDMB and many others (Supplementary Table 3 ). Out of the 32 independent loci reported here, 6 are novel associations with asthma and 2 of these fall within protein-coding gene bodies. For allergic diseases, genes such as HLA-DQB, C11orf30, FLG, SLC25A46, TMEM232, CAMK4, TSLP, WDR36, CLEC16A, DEXI, HLA regions and many others were confirmed in our analysis (Supplementary Table 4 ). Out of the 33 independent loci identified for allergic diseases, 8 are novel, of which 7 were mapped to proteincoding genes. Six index SNPs were found to show genome-wide significance in both asthma and allergic diseases (rs34290285 on D2HGDH and GAL3ST2, rs7705653 on SLC25A46 and TMEM232, rs12413578 near HV745896, rs7936070 on C11orf30, rs56062135 on SMAD3 and rs10414065 near SLC7A10), and 22 loci contain the same protein-coding genes between asthma and allergic diseases, although they do not share the same peak SNP.
Among the six loci with overlapping index SNPs, four were mapped to protein-coding genes. TMEM232 and SLC25A46 (index SNP: rs7705653, Supplementary Figs. 5 and 6) encode transmembrane protein 232 that belongs to the tetraspanin family and a solute carrier protein involved in transport of metabolites, respectively. C11orf30 (index SNP: rs7936070, Supplementary Figs. 7 and 8) is associated with total serum IgE levels in asthma 35 ; and the C11orf30 locus increases susceptibility to poly-sensitization 36 . SMAD3 (index SNP: rs56062135, Supplementary Figs. 9 and 10) is involved in the development of asthmatic inflammation due to the response of immune cells, such as cytokines and T-helper 2 (Th2) The upper off-diagonal shows LD score regression estimates of the genetic correlation score (R g , ranges from − 1 to 1). The lower off-diagonal shows the corresponding genetic correlation P value. cells, which are known to be important in generating an inflammation that characterizes asthma and allergic disease 37 . A fourth variant, rs34290285, is the index SNP within a locus that contained two relatively new genes implicated in asthma and allergic diseases, D2HGDH and GAL3ST2 (Supplementary Figs. 11 and 12), which are responsible for encoding the metabolism-related D-2hydroxyglutarate dehydrogenase enzyme 38 and the tumor metastasis-related galactose-3-O-sulfotransferase 2 enzyme 39 .
Cross-trait meta-analysis. Given the strong genetic correlation and similarity of SNP effect sizes for asthma and allergic diseases ( Supplementary Fig. 13 ), we improved our power to detect shared loci between asthma and allergy by performing a cross-trait analysis. When doing so, we identified 38 loci that contained SNPs with P < 5 × 10 −8 ( Fig. 2 and Table 2 ). The genomic control parameter λ was 1.31 in the cross-trait meta-analysis ( Supplementary Fig. 14) and Fig. 2 displays the Manhattan plot of these results. The strongest association signal was observed on chromosome 6 at the HLA-DQ region (rs9273374, P meta = 7.87 × 10 −35 ), the first asthma-susceptibility locus identified 40 , and extended haplotypes encompassing HLA-DQ and HLA-DR have been studied for their effects on specific allergen sensitization 27, 41 . The second strongest signal was mapped to C11orf30 on chromosome 11q13 (rs7936070, P meta = 2.81 × 10 −28 ), a gene associated with total serum IgE levels and increased susceptibility to poly-sensitization. This SNP shows a significant association with both asthma and allergic diseases in each respective single-trait GWAS model. The third strongest signal was observed on IL1R1 genes (rs72823641, P meta = 1.58 × 10 −27 ) 42 . Cytokine receptors have an impact on many cytokine-induced immune and inflammatory responses, such as asthma and allergy 5, 29, 43 . The fourth strongest signal observed on SMAD3 (rs56062135, P meta = 1.56 × 10 −22 ) is another loci found in both asthma and allergic diseases, which is known to have a role in immune cell response 37 . We have also identified the FLG (Filaggrin) gene (rs61816766, P meta = 4.63 × 10 −12 ) to be associated with both asthma and allergic diseases, which is crucial for maintaining normal skin layer function 44 . In general, our cross-trait results show that most identified loci are significant for both asthma and allergic disease, suggesting that it is these shared genetic loci driving the overall significant positive genetic correlation.
GTEx tissue enrichment analysis of asthma and allergic diseases' shared genes. To understand whether the 38 identified loci are enriched for expression in certain tissue types, we performed a tissue-specific expression analysis (TSEA) using the Genotype-Tissue Expression (GTEx) pilot data 45 . We identified five independent tissues that demonstrated significantly enriched expression (after Benjamini-Hochberg correction) of cross-trait-associated genes (Fig. 3 ). The most strongly enriched tissue was part of the integumentary system (skin). The other significantly enriched tissues included esophagus, vagina, lung and whole blood. We also found that the identified shared genes between asthma and allergic diseases have significant cross-tissue heritability between each pair of tissues, with skin and lung showing notably high cross-tissue heritability ( Supplementary Fig. 15 ).
Replication analysis in two independent asthma and eczema studies.
In our replication analysis, we have confirmed a significant level of genetic correlation between asthma and eczema by using two independent GWAS data sets: the GABRIEL study 5 and the EAGLE study 29 . LDSC results showed that there was a strong positive genetic correlation between asthma (GABRIEL) and eczema (EAGLE) (r g = 0.53, P = 6.05 × 10 −6 ) ( Table 1) . We have then used cross-phenotype meta-analysis (CPMA) to identify genes with shared genetic signals between asthma and one allergic disease, eczema. Twenty-two loci demonstrated genome-wide significance. Of these, the genes HLA-DQB, LCE5A, FLG, IL6R, IL1RL1, IL13, IL4, ACSL6, TSLP, IL33, C11orf30, GSDMB and some others were replicated when comparing with the UK Biobank results (Supplementary Table 5 and Supplementary Fig. 16 ). Some genes were found as suggestive even though the association signal did not reach genome-wide significance. These include RERE (rs11581328, P meta = 4.47 × 10 −6 ), SMAD3 (rs744910, P meta = 1.46 × 10 −7 ) and CLEC16A (rs2041733, P meta = 2.32 × 10 −6 ) (Supplementary Table 6 ). While the phenotypes in our replication phase are not exactly the same as those of UK Biobank, these results underscore the emerging overlap in genetic bases of asthma and allergy. Table 7 ). Additional analyses of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways found that shared association signals for asthma and allergic disease were significantly enriched in immune-related pathways ( Supplementary Table 8 ), which is consistent with the findings of a recent study 28 . Supplementary Table 9 . A co-localization analysis showed that 33 out of 38 loci share causal variants between asthma and allergic 
Over-representation enrichment analysis. Gene Ontology (GO) analysis highlighted several biological processes significantly enriched in the shared genes between asthma and allergic diseases, including epithelium development, keratinization, skin development and T-helper 1-type immune response (Supplementary
Fine-mapping and co-localization analysis identify shared causal variants. A list of a credible set of SNPs for each locus is shown in
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Fig. 2 | Circus Manhattan plot of cross-trait meta-analysis.
The first layer of the plot illustrates the chromosome position and the second layer illustrates the representative genes of significant loci. Genes in red are novel shared genes between asthma and allergic diseases The inside layer illustrates the significance level − log 10 (P value) of asthma and allergic diseases' shared markers from cross-trait meta-analysis. The red dots indicate genome-wide significant (P < 5 × 10 −8 ). A total of 38 independent loci were identified to be associated with both diseases. Genes at loci in close proximity were assigned one gene label separated by a slash. Asterisks represent the gene closest to index SNP. The sample size for asthma is 90,853, and that for allergic diseases is 102,453. Continued diseases, consistent with being driven by the same signal from the meta-analysis (Supplementary Table 10 ).
Table 2 | summary of the 38 genomic loci associated with asthma and allergic diseases in cross-trait meta-analysis
Discussion
In this study, we have shown a strong genetic correlation between asthma and allergic diseases (hay fever/allergic rhinitis or eczema), as well as identified specific loci that are shared between diseases. Furthermore, we have replicated our finding in two independent GWAS studies 5, 29 . Finally, we have found that genetic loci shared between asthma and allergic diseases were significantly enriched in several tissues, including skin, esophageal, vagina, lung and whole blood. Most of our identified shared loci are consistent with the findings of two recently published studies 17, 28 . In total, seven novel loci were identified that are shared between asthma and allergic diseases ( Fig. 2 ). Of these, six loci were mapped within a gene body. All of these loci have significant single-tissue expression quantitative trait loci (eQTL) mainly in the skin, lung, esophagus system, thyroid and whole blood (Supplementary Table 11 ). Given that GTEx eQTLs are pervasive at many loci, we have tried to determine whether our association signals co-localized with eQTL signals from eight relevant GTEx tissues. Several important genes showed strong evidence of co-localization (H4 > 0.5), such as RERE and GSDMB in epithelium and immune-related tissues. On the other hand, even though the HLA regions were shown co-localize in all eight tissues, we note that the extended LD in the HLA region may not provide sufficient resolution to co-localize relevant eQTL results with the cross-disease associations. Further experiments are required to elucidate the association between asthma/allergy and expression of the HLA region.
A relatively new region we identified as having an association signal with both asthma and allergic disease was 2q14.3 (index SNP: rs34290285), which contains the genes D2HGDH and GAL3ST2. Both of these genes have significant single-tissue eQTLs from multiple tissues including lung, esophagus mucosa and skin ( Supplementary Tables 12 and 13 ). Notably, the lead variant in this locus, rs34290285, was found to co-localize with multiple tissues only through GAL3ST2, not through D2HGDH ( Supplementary  Table 14 ). GAL3ST2 encodes the tumor metastasis-related galactose-3-O-sulfotransferase 2 enzyme 39 and is expressed in the human small airway epithelium 46 .
We found that genes that are associated with IgE function can consist of another crucial pathway for atopic diseases, such as asthma and eczema. We have found that C11orf30 on chromosome 11 (Supplementary Tables 3-5) falls in an association locus shared between asthma and allergic diseases. C11orf30 was reported to be associated with total serum IgE levels and increases susceptibility to poly-sensitization 35 . When individuals are exposed to an allergen, IgE is released from the immune system and travels to local organs or tissues to release type 2 cytokines such as IL-4, IL-13 and other inflammatory mediators 47 . These cytokines can further cause allergic diseases and asthma, such as reddish/dry skin and coughing, wheezing or shortness of breath 48, 49 .
Clinical and epidemiologic observations have shown that immune-mediated inflammatory and autoimmune diseases can be associated due to overlap of genes 13 . Indeed, our LDSC analysis showed high genome-wide genetic correlation between asthma and allergic diseases and identified shared genes between them. However, we did not find significant genetic correlation between asthma and three other immune-related diseases, rheumatoid arthritis, Crohn's disease and ulcerative colitis, suggesting that the patterns of genetic architecture among immune-related traits can still be distinct. IgE-mediated hypersensitivity may underlie allergic asthma and other allergic diseases. Rheumatoid arthritis belongs to immune complex-mediated hypersensitivity, whereas Crohn's disease and ulcerative colitis belong to delayed cell-mediated hypersensitivity. This may explain why we identified a strong genetic The nearest gene to this locus. d The imputation accuracy (r2pred) for rs34290285 from ImpG is 0.54, lower than the ImpG standard criterion r2pred > 0.6.N, number of SNPs clumped with the peak SNP; Chr., chromosome; Ref. allele, reference allele; Alt. allele, alternative allele; OR: odds ratio.
Table 2 | summary of the 38 genomic loci associated with asthma and allergic diseases in cross-trait meta-analysis (continued)
correlation for the traits within each hypersensitivity category. Different types of hypersensitivity are characterized by different types of gene set.
Although the association between respiratory diseases such as asthma and skin tissue diseases may, at first, seem counterintuitive, exploring the link between the two apparently distinct phenotypes from a gene function perspective reveals a noticeable overlap in underlying genetics and molecular pathways in their etiologies. We have confirmed that the FLG gene on chromosome 1 was associated with both allergic diseases and asthma. FLG is important for the formation of the stratum corneum and also for the hydration of this barrier layer 44 . People who have mutations in the FLG gene can be sensitive to external allergens and produce dry and flaky skin 44 . Meanwhile, it can activate a strong allergic immune response through peripheral blood to many organs, such as the lung, causing the inflammation in the lungs that results in shortness of breath 44 .
Our finding of whole blood tissue enrichment indicated that these diseases were caused by some malfunction of the shared immune system. Genes such as CD247 and RUNX3 play important roles in T-helper cells, CD8 + T cells, natural killer cells and dendritic cells 50 and were previously reported as risk genes for many immune-related inflammatory diseases, such as asthma, Crohn's disease, ulcerative colitis and eczema [50] [51] [52] [53] . Moreover, whole blood is responsible for the production of anti-inflammatory cytokines and circulating them in the whole body 54 .
Additional tissue enrichment in skin, esophagus, vagina and lung suggests that the shared pathway between asthma and allergic diseases might have significant functions extending beyond whole blood. Skin, esophagus, vagina and lung tissues are all characterized by various types of epithelium or mucosa 55, 56 , which share similarities in terms of functions and mechanisms. For example, the epithelial cells lining the airway, lungs and skin serve as the primary defense to inflammatory stimuli and antigens infiltrating these tissues through inducing cell signaling pathways in response to contact with the irritants. Indeed, a hallmark of asthma and allergic rhinitis is allergic sensitization by means of epithelial activation in the respiratory tract 57, 58 . Epithelial cells can also transdifferentiate into motile mesenchymal cells, which can behave like stem cells and differentiate into multiple cell lineages and migrate to damaged tissues to repair 59 . Thus, the enrichment of asthma and allergy genes expressed in epithelial components is not specific to a certain organ or tissue; rather, it seems to be generalizable across epithelium types.
It is worth noting that a recently published study 28 identified 136 independent risk variants spanning 73 novel loci that were shared between 3 allergic diseases. Some of their identified loci are consistent with ours, such as shared genes in the HLA region, D2HGDH, IL1RL1, RERE, RUNX3 and many others. Moreover, they have noted enrichment of results in whole blood and lung tissue, as well as immune-related pathways. However, this study was based on a mixed population of self-reported and doctor-diagnosed allergic diseases, whereas our study was based only on doctor-diagnosed phenotypes. Such a complex phenotype background could introduce heterogeneity between studies. Moreover, a standard inversevariance-weighted fixed-effects meta-analysis model was used to combine the association results from each sub-study, which has a limited ability to account for heterogeneous effects. In comparison with the above-mentioned study, our study has several strengths and presents additional novel results. First, we included an independent cohort to replicate our findings of shared loci between asthma and allergy. Second, we demonstrated both genome-wide LDSC and partitioned LDSC to assess the overall genetic correlation and functionally categorized genetic correlation between asthma and allergy. Third, we conducted cross-trait meta-analysis using ASSET, which is robust to heterogeneous effects and overlap samples between two phenotypes. Finally, we found skin to be one of the major tissues that was significantly enriched between asthma and allergy. We further showed significant cross-tissue heritability for identified genes among enriched tissues and found that this connection might be due to similar epithelial cell components.
We also acknowledge the limitations of our study. First, our allergic symptom phenotype contained both allergic rhinitis/hay fever and eczema. The allergy genes we found may not be associated with a specific type of allergy. However, since allergic rhinitis and eczema are both IgE-mediated hypersensitivities and characterized by epithelial cells, they might share a highly similar physiology 60, 61 . Moreover, one cannot exclude the potential for misclassification of allergy phenotypes since participants in UK Biobank may not report a condition they have. Second, our UK Biobank cohort traits are not independent. There are shared cases between asthma and allergic diseases and completely shared controls. However, our sensitivity analysis showed that LDSC analysis is robust to overlap samples under different scenarios ( Supplementary Fig. 17 and Supplementary Table 15 ). In our meta-analysis, we have also applied methods that can account for overlapping samples and replicated our results in two independent studies to demonstrate the robustness of shared loci. We demonstrated that the effect estimates of 38 loci were not influenced after excluding asthma and allergic diseases overlapped subjects in the meta-analysis, although the significance levels were lowered due to the smaller sample size ( Supplementary  Figs. 18 and 19 and Supplementary Table 16 ). Given the high genetic correlation between asthma and allergy GWASs within the Caucasian population in UK Biobank, population heterogeneity among GABRIEL and UK Biobank Caucasian could give a slightly lower value for the cross-population genetic correlation for asthma. For example, cross-population r g for the same disease (asthma) could be smaller than cross-disease r g within the same population, especially when the two diseases share substantial genetic correlation such as asthma and allergy. Since the GABRIEL study was based on childhood asthma, and UK Biobank is based on adult asthma, the genetic effect between these two types of asthma may also lead to r g differences. Finally, even after imputing the GABRIEL study summary statistics, there were still ~1 million fewer SNPs than the UK Biobank data set. A smaller number of SNPs from the GABRIEL asthma GWAS could also affect the r g estimation and provide fewer overlapping SNPs for both traits in the replication data compared to UK Biobank. This is also the reason that only a fraction of the shared genes was found in the replication analysis. These shared genetic components can provide an opportunity to investigate asthma and allergy co-morbidity on molecular and functional levels ( Supplementary Table 17 ). Drugs targeting shared genetic loci might benefit the treatment of both diseases. Our findings can also inspire patients and doctors to be more cautious about co-morbidity of asthma and allergic diseases in clinical practice.
Understanding the genetic overlap between asthma and allergic diseases can be beneficial to treat disease outcomes more efficiently. Our GWAS study has highlighted a shared genetic pathway in immune and inflammatory systems and epithelium tissues by asthma and allergic diseases. This work reinforces the idea that asthma and allergy share common biological processes and opens new avenues for treatment. 
URLs
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41588-018-0121-0.
Study population and design. Study participants were from the UK Biobank study, described in detail elsewhere [62] [63] [64] . In brief, UK Biobank is a prospective study of > 500,000 people living in the UK. All people in the National Health Service registry who were aged 40-69 years and living < 25 miles from a study center were invited to participate from 2006-2010. In total, 503,325 participants were recruited from over 9.2 million mailed invitations. For the current analysis, individuals of non-white ethnicity were excluded to avoid confounding effects. All participants provided informed consent to UK Biobank.
To identify genetic variants that contribute to doctor-diagnosed asthma and allergic diseases (detailed phenotype information described in the Supplementary Note) and link them with other conditions, we performed GWASs using phenotype measures in UK Biobank participants (N = 150,059). We removed 39,698 samples that are non-white, are related, withdrew from UK Biobank or are missing genotype information. Thus, a total of 110,361 European descendants with highquality genotyping and complete phenotype/covariate data were used for these analyses, including 25,685 allergic diseases subjects (hay fever/allergic rhinitis or eczema, some with doctor-diagnosed asthma), 14,085 asthma subjects and 76,768 controls for the analysis. Key demographic characteristics for each population are shown in Supplementary Table 18 .
Furthermore, we have included summary statistics for a replication analysis from an independent asthma GWAS (GABRIEL study, 10,365 cases 16,110 controls) 5 and an independent eczema GWAS (EAGLE eczema consortium, 13,287 cases and 41,345 controls) 29 .
Data summary, quality control (QC) and imputation. Detailed genotyping and QC procedures of UK Biobank were described previously (http://biobank. ctsu.ox.ac.uk/) and are provided in the Supplementary Note. In summary, after QC procedures were applied, the current released UK Biobank data contains 806,466 SNPs that passed SNP QC in at least one batch. Post-imputation QC was performed as previously outlined (http://biobank.ctsu.ox.ac.uk/); and the genotype imputation procedure provided a total of 73,355,677 SNPs. In this study, we focused only on common variants for the analysis with minor allele frequency > 1% due to higher imputation accuracy of common variants in UK Biobank 65 . In addition, we performed stringent QC standards by PLINK 1.90 66 . We selected variants that did not deviate from Hardy-Weinberg equilibrium (P > 1 × 10 −12 ), per-variant missing call rates < 5%, per-sample missing rate < 40% and an imputation quality score (INFO) > 0.8. Quantile-quantile plots were produced and checked for each phenotype. The R package GenABEL was used to compute genomic inflation values. A total of 7,488,535 SNPs passed QC on the whole genome and with complete information in both phenotypes, which were eligible for statistical association analyses.
Genome-wide association analysis. We performed additive logistic regression genetic association analysis adjusting for age, sex, genotyping array and ten ancestry principal components using PLINK 1.90 66 to assess the association between phenotype and genotype on each individual disease. After association analysis, we applied the PLINK clumping function (parameters: --clump-p1 5e-8 --clump-p2 1e-5 --clump-r2 0.2 --clump-kb 500) to determine top loci that are independent from each other; that is, variants with a P value less than 1 × 10 −5 , R 2 more than 0.2 and less than 500 kb away from the peak will be assigned to that peak's clump). The top loci that were annotated to the same gene were then further combined as one independent loci for downstream analysis. We have used the GWAS catalog (https://www.ebi.ac.uk/gwas, search date: October 18, 2017) to identify previously reported genes by other GWAS studies.
LD score regression analysis. Post-GWAS genome-wide genetic correlation analysis by LD score regression (LDSC) 67 was conducted using UK Biobank summary statistics overlap with HapMap3 variants as recommended 68 . LDSC estimates genetic correlation between the true causal effects of two traits (ranging from − 1 to 1) from summary statistics using the fact that the GWAS effect size estimate for each SNP incorporates the effects of all SNPs in LD with that SNP. SNPs in a high-LD region would have higher χ 2 statistics than SNPs in a low-LD region, and a similar relationship is observed when single-study test statistics are replaced with the product of the z scores from two studies of traits with some correlation 67 . LDSC applied a self-estimated intercept during the analysis to account for shared subjects between studies 67 .
Partitioned genetic correlation. We estimated the genetic correlation between asthma and allergic diseases within functional categories using partitioned LDSC 69 . Twelve functional categories were used including transcribed region, repressed region, intron, transcription factor-binding sites, super-enhancer, DNaseI digital genomic footprinting region, DNase I hypersensitivity sites (DHSs), fetalDHS, and histone marks H3K4me1, H3K27ac, H3K4me3 and H3K9ac from Roadmap Epigenomics Project 70 . Recalculated LD scores for SNPs classified in each particular annotation were used for estimating the asthma-allergy genetic correlation within that functional group.
Cross-trait meta-analysis. After assessing genetic correlations among all traits, we applied cross-trait GWAS meta-analysis by using the R package Association analysis based on SubSETs (ASSET) to combine the association evidence for asthma and allergic diseases at individual variants 71 . This method combines the effect estimate and standard error of the GWAS summary statistics to test the hypothesis of association between the SNP with any subset of studies. It can also account for the correlation among studies/subjects that might arise due to shared subjects across distinct studies or due to correlation among related traits in the same study by using case-control overlap matrices. We used one-sided ASSET assuming the same direction of association for asthma and allergic diseases.
Fine-mapping credible set analysis. We identified a credible set of causal variants at each of the 38 shared loci that met asthma-allergic disease cross-trait metaanalysis criteria using the Bayesian fine-mapping algorithm FM-summary (see the URLs section). For each locus, we extracted variants within 500 kb of the index SNP. The FM-summary program maps the primary signal and uses a flat prior with the steepest descent approximation. The details of this method are described elsewhere [72] [73] [74] .
Co-localization analysis. We used the R package coloc 75 to determine whether asthma and allergic disease association signals co-localized at shared loci and whether shared loci co-localized with GTEx (version 7) eQTL in eight relevant tissues, including skin (not sun-exposed), skin (sun-exposed), esophagus mucosa, esophagus muscularis, esophagus gastroesophageal junction, lung, vagina and whole blood. We extracted summary association data for variants within 500 kb of the index SNP at each of the 38 shared loci and calculated the probability that the two traits share one common causal variant (H4). Loci with probability greater than 0.5 were considered to co-localize.
GTEx TSEA. To determine whether shared asthma and allergy genes are overly expressed in disease-relevant tissues, we conducted TSEA 76, 77 . Gene lists were generated from lists obtained from analyses for asthma, allergic diseases and crossdisease, and by including those that have a matching HUGO Gene Nomenclature Committee (HGNC) name. Genes identified in this way were analyzed for tissue enrichment using publicly available expression data from the pilot phase of the GTEx 45 project (www.gtexportal.org, January 31, 2013). In the GTEx project, postmortem samples from a wide variety of tissues and donors have been used for bulk RNA sequencing according to a unified protocol. All samples were sequenced using Illumina 76 base-pair paired-end reads. The pilot phase of the GTEx project consists of 1,839 samples derived from 189 post-mortem subjects, including samples from 45 different tissues, with some tissues offering multiple 'sub-tissue' types. TSEA averaged collapsed reads per kilobase per million mapped reads (RPKM) values for the sub-tissue types (25 'whole-tissue' types). We filtered for unique HGNC IDs (n = 213 shared genes mapped by identified loci from the metaanalysis result existing in the tissue expression data set). For each tissue, transcripts from the processed GTEx transcripts that are specifically expressed or enriched have been identified by using the TSEA pSI R package function to calculate the specificity index probability (pSI). The significance levels of shared genes between asthma and allergic diseases enriched in each tissue were identified by Fisher's exact test with Benjamini-Hochberg correction.
Replication analysis. To confirm our findings, we have further included two publicly available independent GWAS data sets: asthma GWAS, the GABRIEL consortium study 5 , and eczema GWAS, the EAGLE eczema consortium study 29 , for LD score regression analysis, cross-trait analysis and GTEx tissue expression enrichment analysis. We have used the LiftOver tool (see the URLs section) to convert the asthma GWAS reference genome from hg18 to hg19. ImpG-Summary was used to impute asthma GWAS summary statistics to the 1000 Genomes Project variants (phase 3 release v5) 78 . SNPs with imputation quality r2pred < 0.6 were removed. Cross-trait analysis between two replication GWAS data sets was conducted using the R package CPMA, which tests for the hypothesis that each independent SNP has multiple phenotype associations and combines the empirical evidence based on their P values 13 .
Over-representation enrichment analysis. To understand the biological insights of the shared genes, we have used the WebGestalt tool 79 to assess over-represented enrichment of the identified shared gene set between asthma and allergic diseases in KEGG 80 pathways and GO biological processes 81, 82 .
Cross-tissue heritability of gene expression. The GTEx project 45 (phs000424.v6.p1) was also used to quantify the cis SNP cross-tissue heritability (h g1g2,cis 2 ) of gene expression across a range of tissues. All estimates were obtained using restricted maximum likelihood as implemented in genomewide complex trait analysis (GCTA) 83 . Only common variants that fall within 1 Mb of the transcription start site of a gene were considered in deriving these estimates. Enrichment of h g1g2,cis 2 was determined by comparing average h g1g2,cis 2 for a given gene list to 1,000,000 random gene lists of equal size in the same tissue pair. Detailed information of our method is provided in the Supplementary Note.
Sensitivity analysis.
To estimate the effect of using non-allergic asthma individuals, we performed additive logistic regression analysis adjusting for the same covariates as the primary analysis to assess the association between phenotype and genotype on each individual disease excluding allergic asthma (N = 6,177). We carried out cross-disease heritability analysis and meta-analysis to identify the loci that are associated with both diseases. Due to the large reduction in sample size of asthma cases and allergic diseases cases, the power of detecting an association between phenotypes and SNPs is expected to decrease. Furthermore, to determine whether overlap samples can bias genetic correlation estimates, we performed additional sensitivity analysis. We randomly split controls into two equal sample size data sets (N = 38,384 for each), and used real disease proportions of asthma and allergic diseases with two distinct control data sets. Details of the overlap sample sensitivity analysis design can be found in Supplementary Fig. 17 . Using the same set of cases, we also compared the genetic correlation estimates via using disease-free controls versus using non-asthma or non-allergy controls ( Supplementary Table 15 ).
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly.
A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons The test results (e.g. p values) given as exact values whenever possible and with confidence intervals noted A summary of the descriptive statistics, including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
